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Abstract
The unknown factors of meromixis and paleoenvironmental and paleoclimatic signals were 
revealed from the sediments of meromictic Lake Vähä-Pitkusta, SW Finland. Litho-, bio-, 
chemo- and chronostratigraphical methods were used to study this small relatively deep, 
sheltered kettle-hole lake connected to a large groundwater reservoir at the Salpausselkä III 
end moraine. 
Lake Vähä-Pitkusta became isolated from the Yoldia Sea phase ca. 10 700-10 900 cal. 
BP. The early stages of the lake development were unstable and complex until ca. 9000 cal. 
BP, and stabilized after this for about 6000 years. The lake was signiﬁcantly inﬂuenced by 
the cold event ca. 2500 BP, the Medieval Climate Anomaly (the Medieval Warm Period) ca. 
AD 1000-1250, the following cold period and the Little Ice Age, ending in the early 1700s. 
The results reﬂect the climate-mediated changes in the catchment, and the general climatic 
development in SW Finland.
The Roman and Medieval airborne heavy metal load, especially lead, was traced from 
the sediments of Vähä-Pitkusta for the ﬁrst time in Finland.
The meromixis in Lake Vähä-Pitkusta was found to be linked to two climatic events, the 
Medieval Climate Anomaly and the Little Ice Age. The primary reason for the stratiﬁcation 
seems to be the morphogeny of the lake, i.e. it is small, but deep, and the basin is sheltered 
against the winds. Drastic climatic changes led to incomplete circulation in Vähä-Pitkusta, 
which indicates its sensitivity.
Meromictic lakes can be classiﬁed in many ways. The present study uses a classiﬁcation 
based on the primary reason for incomplete overturns. In Finnish meromictic lakes, these 
primary reasons are A) density gradient between brackish and freshwater in recently emerged 
coastal lakes, B) density gradient developed by increased density of profound water mass 
due to nutrient, humic substance, electrolyte or turbidity load in anthropogenic eutrophic or 
in natural polyhumic lakes, C) density gradient between electrolyte rich groundwater and 
electrolyte poor surface water, and D) density gradient caused by inadequate mixing due to 
morphology. 
Lakes with irregular circulations should not be called meromictic (e.g. semi-meromictic, 
periodic-meromictic, spring-meromictic), but e.g. incomplete holomictic. Only lakes with 
permanent chemical stratiﬁcation are meromictic.
The coastal meromictic lakes are short-term, and therefore it is not an easy task to 
estimate their true number. Eutrophic lakes are common in populated areas, but only a few 
develop meromixis. Instead, humic ponds that are meromictic could be numerous in the 
wilderness. Meromictic lakes as a result of groundwater ﬂow or morphology are rare. The 
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frequency of meromictic lakes is thought to be around 1:1000 worldwide, but in Finland 1:2000-
1:3000. 
The stable accumulation basin of meromictic lakes provides a sensitive and undisturbed 
paleolimnological archive. Many such lakes are small and deep, closed, or the inﬂow is small and 
the catchment is restricted. The best result in paleolimnological studies requires a combination 
of biological and chemical methods. Paleoclimatic studies, which are mainly based on biological 
indicators, would beneﬁt from interpretation of chemical proxies.
Environmental evaluations do not include meromictic lakes, and therefore Vähä-Pitkusta 
has not been evaluated at all. However, Vähä-Pitkusta represents the values that the Natura 
2000 network aims to conserve; it is rare and endangered by a groundwater extraction project. 
The value of the lake must be considered signiﬁcant. All environmental evaluations should be 
extended to cover meromictic lakes.
Tiivistelmä
Salaisuuksia Somerolaisessa syvänteessä? Meromiktisen Vähä-Pitkusta-järven pohjakerrostumista 
etsittiin todisteita menneistä ympäristön ja ilmaston muutoksista sekä selitystä meromiktian 
syvempään olemukseen. Vastauksia haettiin järven pohjan kerrostumien, biologisten jäänteiden 
ja kemiallisten yhdisteiden kerrosjärjestyksen sekä kerrostumisiän avulla.
Vähä-Pitkusta on pieni (11 ha) mutta syvä (35 m) suppajärvi, joka sijaitsee korkealle 
kohoavien harjuselänteiden suojassa Kolmannella Salpausselällä, Someron kunnan alueella 
Lounais-Suomessa. Järvi on pysyvästi kerrostunut (meromiktinen) eli keväiset ja syksyiset veden 
täyskierrot eivät ulotu pohjaan asti, vaan pohjan läheinen vesi on seisovaa. Ajan myötä pohjan 
vesikerros on muuttunut hapettomaksi ja se on väkevöitynyt erilaisten liuenneiden kemiallisten 
aineiden ja kaasujen suhteen.
Vähä-Pitkusta kuroutui omaksi järvialtaakseen Itämeren Yoldia-vaiheen altaasta 10 700-
10 900 vuotta sitten. Järven alkutaival oli epävakaa ja kehitys monien mullistusten tulosta. Noin 
9000 vuotta sitten järven kehitys tasaantui ja alkoi pitkä vakaa kausi, jolloin ilmasto ensin parani 
kohti keskiholoseenin lämpökautta (ennen 5000 vuotta sitten) ja sen jälkeen vuorostaan huononi 
(alkaen 5000 vuotta sitten). 
Suuret muutokset järvessä ja laajemminkin sen ympäristössä keskittyvät viimeiseen pariin, 
kolmeen tuhanteen vuoteen. Kylmä, ja ilmeisesti myös kostea ajanjakso n. 2500 vuotta sitten oli 
näistä ensimmäinen. Hyvin suotuisa ja lämmin Keskiajan lämpökausi vuosina 1000 - 1250 oli 
toinen, ja sitä seuranneet kylmät ja kosteat ajanjaksot sekä varsinainen Pieni Jääkausi n. 1580 
- 1710 voidaan laskea kolmanneksi suuren muutoksen ajaksi. 
Ilmateitse leviävät saasteet eivät kunnioita valtioiden rajoja tai sopimuksia ja vähäisiä 
laskeumia on mitattu tuhansien kilometrien päästä lähteestä. Rooman Imperiumin ja keskiajan 
aikaisia päästöjä ei ole Suomesta määritetty tätä ennen. Vähä-Pitkustan pohjakerrostumissa 
erottuu roomalaisten lyijykaivosten aiheuttama lyijypiikki hieman ajanlaskumme alun 
jälkeen. Keskiajalla teollisuus oli jo kehittyneempää ja laajemmalle levinnyttä Euroopassa. 
Raskasmetallien, varsinkin lyijyn, kadmiumin ja sinkin, ilmalaskeuman kasvun kiihtyminen 
näkyy Vähä-Pitkustan pohjaliejussa n. 1000-luvulta lähtien.
Vähä-Pitkustan muutos holomiktisesta, eli vähintään kerran vuodessa sekoittuvasta järvestä 
meromiktiseksi, eli pysyvästi kerrostuneeksi järveksi, liittyy kahteen ilmastolliseen tapahtumaan, 
Keskiajan lämpökauteen ja Pieneen Jääkauteen. Tärkeimmät syyt meromiktiaan ovat kuitenkin 
järven fyysiset mittasuhteet ja tuulensuojainen sijainti: järvelle osuvilla tuulilla on kosketusalaa 
vähän, mutta suuresta syvyydestä johtuen sekoitettavaa vesimassaa paljon. Dramaattiset ilmaston 
muutokset, jotka johtivat vesimassan tiheyden kasvuun ja kerrostumiseen, sekä toisaalta lyhyisiin 
sekoittumiselle suotuisiin avovesikausiin, aiheuttivat vaillinaisen kierron haasteellisessa 
järvialtaassa.
Meromiktisia järviä on luokiteltu monilla tavoin. Tämän tutkimuksen tulosten perusteella 
meromiktiset järvet luokiteltiin uudelleen tärkeimmän meromiktiaan johtaneen syyn perusteella: 
A) makean ja murto/meriveden väliin kehittyvä tiheyden harppauskerros rannikon kuroutuvissa 
järvissä, B) ihmisen rehevöittämissä järvissä ja luonnollisissa humusjärvissä ravinne-, humus- 
ja kiintoainekuorman aiheuttama tiheyden kasvu, joka johtaa tiheyden harppauskerroksen 
kehittymiseen, C) tiheän pohjaveden ja keveämmän pintaveden väliin kehittyvä tiheyden 
harppauskerros ja D) morfologiasta johtuva vaillinainen vesimassan kierto, joka johtaa tiheyden 
harppauskerroksen kehittymiseen. 
Rannikon meromiktisia järviä syntyy ja kuolee kaiken aikaa, joten on vaikea sanoa niiden 
määrää. Rehevöityneet järvet ovat hyvinkin yleisiä, varsinkin tiheästi asutuilla alueilla, mutta vain 
muutamat niistä muuttuvat meromiktisiksi. Sen sijaan pienet meromiktiset humusjärvet saattavat 
olla hyvinkin lukuisia erämaissa. Pohjaveden virtauksen tai morfologian aiheuttamat meromiktiat 
ovat harvinaisia. Kaiken kaikkiaan, meromiktisia järviä saattaa maailmalla olla yksi järvi 
tuhannesta mutta Suomessa tämä suhde on pikemminkin yksi järvi kahden tai kolmen tuhannen 
joukossa: murtoveden suolaisuuspitoisuus on matala, pohjavedet ovat heikosti mineralisoituneita, 
järvemme ovat matalia ja laajoja, eikä ihmisperäinen ympäristön pilaantuminen ole laajalle 
levinnyttä.
Monia järviä kutsutaan virheellisesti meromiktisiksi (esim. vain syksyisin tai epäsäännöllisesti 
kiertäviä järviä). Näitä tulisi kutsua toisella nimellä (esim. epätäydellinen tai vaillinainen 
holomiktia), ja jättää termi meromiktinen vain todellisille pysyvästi kerrostuneille järville.
Meromiktisen järvien merkitys muinaisjärvitutkimukselle piilee näiden järvien vakaissa 
kerrostumisaltaissa, jotka pitävät sisällään häiriintymättömiä ja herkästi ympäristöään kuvastavia 
kerrostuma-arkistoja. Monet tällaiset järvet ovat pieniä, syviä ja ojattomia, ja niiden valuma-
alue on pieni. Parhaimmat tulokset muinaisjärvitutkimuksessa saavutetaan yhdistämällä sekä 
biologiset että kemialliset menetelmät. Varsinkin menneitä ilmastonmuutoksia tutkittaessa 
kannattaisi hyödyntää geokemiaa perinteisten biologisten indikaattoreiden lisäksi.
Meromiktisia järviä ei ole huomioitu uhanalaisia tai muuten arvokkaita luontokohteita ja 
–tyyppejä inventoitaessa. Siten Vähä-Pitkustaakaan ei ole lainkaan arvotettu, vaikka se sijaitsee 
Natura 2000 – alueella ja sen läheisyyteen on suunnitteilla pohjavedenottamo. Vähä-Pitkusta 
edustaa uhanalaista ja harvinaista luontotyyppiä eli sellaisia arvoja, joita Natura 2000 – verkoston 
tulisi suojella. Meromiktiset järvet tulisi huomioida kaikissa ympäristöinventoinneissa. 
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71  Introduction
1.1. Lake sediments in reconstructing past environments
Last and Smol (2001b) deﬁned paleolimnogy as the study of past conditions and processes in lake and 
river basins and the interpretations of the histories of these systems. Paleolimnology is a multidisciplinary 
science that utilizes a variety of natural, environmental and technical sciences, i.e. physics, chemistry, 
geology, biology and engineering. The target of the research, the sediment, is a complex outcome of the 
features which can be handled by the above mentioned sciences. Methods for research are abundant (cf. 
Last and Smol 2001a and 2001b; Smol et al. 2001a and 2001b). This study uses litho-, bio- , chemo- 
and cronostratigraphical methods, i.e. the soil type, grain size, loss-on-ignition, pollen, diatom and 
cladoceran content, element concentrations and the age of the sediment stratigraphy are determined. 
The combined records of indicators are used to reconstruct the past environment.
The lithofacies properties of the accumulated sediment point to the quality and quantity of the 
leached and washed soil in the catchment area, and thus indicate the required energy level (Last 2001 
and references therein). The energy level reﬂects the amount and intensity of erosion, and thereby 
changes in climate, vegetation and land use. The organic content of the sediment reﬂects amount of 
living organisms in and around the lake, i.e. the level of productivity and leaching from humus-rich 
catchment soils (Myers and Teranes 2001). The organic content also suggests developments in soils, 
vegetation and animal population.
Diatoms and Cladocera are sensitive indicators of aquatic conditions (Stoermer and Smol 1999; 
Frey 1986; Korhola and Rautio 2001), and they indicate e.g. salinity and trophic state of their habitat. 
Pollen analysis (Fægri and Iversen 1989) shows the development of vegetation in the lake and its 
surroundings. Changes in salinity, trophic state and vegetation reﬂect evolution also in the surrounding 
environment and are results of changing climate, catchment composition and possible anthropogenic 
activity. 
Element analysis of lake sediments reﬂects the same causes and motives as discussed above, but 
it also gives additional information about catchment evolution, weathering, erosion and land use, 
the trophic and redox state of the lake and the environment, climate change, atmospheric pollution 
and acidiﬁcation (Mackereth 1966; Engström and Wright 1984; Boyle 2001 and references therein). 
Sediment geochemistry is an extremely complex ﬁeld and the level of knowledge is not high. Therefore, 
interpretation of chemical stratigraphy should not be independent of interpretation of biostratigraphy. 
The present study utilizes both element concentrations and accumulation rates. Concentrations (mg 
kg-1 dry sediment, ppm) give relative values, whereas accumulation ratios (mg m-2 yr-1) give the absolute 
values per area per time unit. Therefore, accumulation rates of elements can be interpreted individually 
from each other, as concentration rates are always relative to each other. A disadvantage is the loss of 
accuracy when concentrations are translated into accumulation rates. This is because of the uncertainty 
of the time-depth model. Interpretation can also require discretion, if element accumulation rates show 
8clear changes without signiﬁcant changes in concentrations (Ewing and Nater 2002). Ideally, both 
concentration and accumulation rates are used in interpretation of past environments (Engström and 
Wright 1984; Boyle 2001). However, the use of accumulation rates is rather limited.
The time- and resource-consuming partial dissolution analysis may be an excellent method, but 
also bulk geochemistry, which is used in the present study, has proved to be a sensitive indicator of 
both changes in the lake and its catchment (Koining et al. 2003). Therefore, this potential should also 
be utilized more often in paleolimnological studies.
1.2 Basics of meromixis
To study the meromictic lake Vähä-Pitkusta, SW Finland, a review of the other known meromictic 
lakes in Finland was performed, but there were some problems with terminology and the meromixis 
categories. Classiﬁcations determined by various researchers serve various purposes (e.g. Findenegg 
1937; Yoshimura 1937; Hutchinson 1937; Walker and Likens 1975). They all are independent and 
excellent classiﬁcations, although somewhat contradictory. Many lakes can be easily classiﬁed into a 
certain category, but there are also many lakes that are difﬁcult to classify. A further problem was the 
lack of studies on meromictic lakes in the literature. In Finland there are 187 888 lakes. They have a 
minimum area of 500 m2, but there are also smaller water bodies. It is reasonable to assume that there 
are meromictic lakes among the ones that have never been investigated. But more importantly, are 
meromictic lakes among the lakes studied? The state of the stratiﬁcation and water circulation is not 
always reported.
1.2.1. Deﬁnitions of meromixis 
According to water circulation tendency, lakes can be classiﬁed as holomictic and meromictic (Fig. 1). 
In holomictic lakes, the water body circulates more or less regularly due to the breakdown of thermal 
stratiﬁcation and wind power and the mixing is complete or partial. The circulation homogenizes oxygen 
and nutrition concentrations in the water. In northern temperate latitudes most lakes are dimictic, i.e. 
they circulate twice a year, in spring and autumn. This is the case in Finland.















9Meromictic lakes are chemically stratiﬁed and the circulation is defective. The term is derived 
from Greek and it means partially mixing, i.e. incomplete mixing. Findenegg (1935) was the ﬁrst to 
introduce the word meromictic, and he meant by it a lake where the water mass is permanently stratiﬁed 
into layers between which interaction is limited. In such a lake, circulation is possible only within a 
layer, so turnovers from top to bottom do not occur.
Turnovers occur because water density changes as a function of temperature. Water reaches its 
greatest density at +4°C, which occurs every spring and autumn in the northern temperate zone. The 
mixing effect of this thermal convection is highly induced by wind; wind power is the most important 
agent circulating water masses in lakes. In meromictic lakes, wind induced mixing is insufﬁcient to 
cause overturns. The insufﬁciency can result from reduced wind power due to sheltering topography 
and/or forest, and due to the lake morphology. The insufﬁciency can also be only relative compared to 
stronger stabilizing forces. An increase in density is a stabilizing force and it can result from changes 
in water temperature or in electrolyte concentration. The circulation extends only to a depth where 
the mixing agents are more effective than the stabilizing forces. A transition zone, or chemocline as 
Hutchinson (1937) named it, develops where equilibrium is reached. Above this zone lies mixolimnion 
(Hutchinson 1937) and below it monimolimnion (Findenegg 1935) (Fig. 1).
Lakes can also be classiﬁed according to mixing (Fig. 2). This classiﬁcation applies both to 
holomictic and meromictic lakes: for holomictic lakes, a mixing type is assigned according to the 
whole water mass, and for meromictic lakes according to the mixolimnion (Lewis 1983).
Figure 2. Classiﬁcation of lakes based on mixing (after Lewis 1983).
Typically, the monimolimnion is denser than the mixolimnion and this maintains the stability. 
The mixolimnion of a lake acts as an ordinary holomictic (fully, completely circulating) lake with 
uniform concentration and vernal and autumnal turnovers. The change between the layers occurs at 
the chemocline. Since the monimolimnion is isolated from the atmosphere it usually turns to anoxic in 
time. Eventually all the material in the water passes down through the monimolimnion and bacterial 
respiration consumes the oxygen. The layer works as a sink, because material that has once entered 
the monimolimnion does not return. It can leave the layer only by settling on the bottom or ﬂowing 
out through an outlet draining the monimolimion. In an anoxic limnic environment electrolytes tend to 
dissolve into solution in higher concentrations than in normal holomictic lakes, because the solubility 
of most electrolytes increases with anoxia. The concentration of electrolytes in water increases with 
time and it is possible for the monimolimnion to get denser, which strengthens the meromixis against 
mixing agents. 
The division between holomictic and meromictic lakes was at ﬁrst determined by Findenegg 
(1935), i.e. whether a complete mixing occurred. On this basis a complete mixing never occurs in a 
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called meromictic. In Finland, for example, many lakes are called e.g. semi-meromictic, temporary-
meromictic, periodic-meromictic and spring-meromictic (e.g. Arvola and Rask 1984; Tolonen 1978a, 
1978b, 1978c, and 1990; Lindholm 1996; Lindholm and Weppling 1987; Lindholm et al. 1985). Walker 
and Likens (1975) also favoured a loose deﬁnition and considered lakes meromictic if they maintained 
permanent stratiﬁcation for most of the years (>50%). For distinction, Miracle et al. (1993) used the 
term extreme meromixis for meromictic lakes where the contrast between the mixolimnion and the 
monimolimnion is strong in physical and chemical conditions and the chemocline is sharp, occupying 
only centimeters vertically. The viewpoints are divided between the stricter and the looser senses (e.g. 
Hongve 2002; Paper I) and therefore discussion is necessary (e.g. Tyler and Vyverman 1995; Paper I).
1.2.2. Earlier classiﬁcations of meromixis
Meromictic lakes are classiﬁed in many ways. Findenegg’s (1937) classiﬁcation included two types: 
Static meromixis originating from a geological environment that caused density gradient and separation 
of water layers, and dynamic meromixis originating from holomixis of defective circulation due to 
strong internal stabilizing forces and/or weak external mixing agents.
Yoshimura’s (1937) classiﬁcation had three types. The ﬁrst originated from biochemical 
stratiﬁcation and refers to conditions that Findenegg (1937) called dynamic. The second originated from 
non-biochemical stratiﬁcation and it is rather similar to Findenegg’s static type. The third, combined 
stratiﬁcation of biochemical and non-biochemical, is literally a combination of the former two.
The most used meromixis classiﬁcation was introduced by Hutchinson in 1937 and is based on 
the origins of the types. Here meromictic lakes are grouped into three types: 1) Ectogenic meromictic 
lakes, where the meromictic condition is established by some external event, which, acting for a limited 
time, leaves the lake in a chemically stratiﬁed condition. An external event can be e.g. an inﬂow of salty 
marine water into a lake basin. Unless the event reoccurs, the lake reverses to holomictic. 2) Crenogenic 
meromictic lakes, where submerged mineralized springs bring a continuous supply of denser water into 
the lower strata of the lake. 3) Biogenic meromictic lakes, where the electrolyte concentration in the 
lower strata increases due to the decomposition of organic material at the bottom of the lake. This 
situation is often related to euthrophic lakes. 
Walker and Likens (1975) introduced a twofold classiﬁcation, which was an expansion of Hutchison’s 
(1937) division. Walker and Likens recognized a meromixis originating primarily from factors external 
to the lake basin (ectogenic meromixis) and another meromixis where internal factors are the most 
important (endogenic meromixis). The classiﬁcation includes ﬁve types (I-V). Ectogenesis is divided 
into three types: Type I resembles Hutchison’s ectogenic meromixis and it is divided into Type Ia, 
which refers to coastal environment where marine or brackish water come into contact with freshwater, 
and into Type Ib, which refers to inland environment. Type Ib correlates with Hutchinson’s biogenic 
type, because some biogenic lakes initiate from ectogenic inﬂow (Hutchinson 1957, p. 482). Type II 
develops due to surface inﬂow of turbidity currents, a deﬁnition that also places it into Hutchinson’s 
category of biogenic lakes, because some biogenic lakes initiate from turbidity currents (Hutchinson 
1957, p. 489). Type III resembles Hutchinson’s crenogenic meromixis. Endogenesis divides into 
two types: Type IV resembles Hutchison’s biogenic meromixis where there is accumulation of salts 
liberated from the sediments, but it also resembles morphogenesis sensu Northcote and Halsey (1969) 
where the triggering factor is the morphology itself, i.e. a basin with great relative depth and wind 
sheltered topography. Type V develops due to deep water accumulation of salt precipitated by freezing 
out from a surface ice layer. 
In addition to the genesis, meromictic lakes could be classiﬁed into two types on the basis of 
the main functional factor that sustains the meromixis: the internal factor or the strong chemical 
stratiﬁcation and the external factor or the weak wind induced mixing. Both types exist basically in 
all types of Hutchinson (1937) and Walker and Likens (1975). The division is almost the same as 
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Findenegg’s (1937) static and dynamic types, but the emphasis is on the mechanisms of the lake rather 
than on the origin. 
A problem with the classiﬁcations of Hutchinson (1937) and Walker and Likens (1975) is the 
mixed use of primary and secondary causes in the development of meromixis. The secondary cause is 
biogenic meromixis sensu Hutchinson and type IV meromixis sensu Walker and Likens. These with 
the other causes (primary) result in concern about stability and confusion if cases deﬁned with different 
classiﬁcations are to be compared with each other (Paper I).
Continuity in biogenic meromixis sensu Hutchinson or types I/II/IV meromixis sensu Walker 
and Likens presents a problem, i.e. a certain type of meromixis suddenly becomes another type of 
meromixis if the meromictic condition continues. If the meromictic condition, originally caused by an 
ectogenic or type I event, is prolonged it becomes biogenic or type IV according to classiﬁcations of 
Hutchinson (1937) and Walker and Likens (1975). Similarly, if the meromictic condition, originally 
caused by a type II event is prolonged it becomes biogenic or type IV. However, Hutchinson (1937) 
and Walker and Likens (1975) do not deﬁne the transformation. It could be argued that if an external 
event causes only a temporary disorder, e.g. a stratiﬁcation, which vanishes as soon as it develops, it is 
not a meromixis, i.e. permanent stratiﬁcation but a period of incomplete holomixis. A dramatic external 
event causing adjustments in the lake processes is part a completely normal lake evolution. It has been 
previously expressed that factors which have lead to biogenic or type IV meromixis are difﬁcult to 
deﬁne (e.g. Walker and Likens 1975). It seems that the group biogenic or type IV include lakes that are 
difﬁcult to comprehend. 
1.3. Aims of the study
The ﬁrst aim of the study was to determine how, when and why Lake Vähä-Pitkusta became 
meromictic. Therefore, the sediments were thoroughly investigated using litho-, bio-, chemo- and 
chronostratigraphical methods. Since the present is the key to the past, and vice versa, the origin and 
the evolution of Lake Vähä-Pitkusta also had to be investigated. Developments in the surrounding 
vegetation, climate and environment, as well as possible anthropogenic activities, were reconstructed 
by pollen studies. Changes in the water environment itself, which are mainly reﬂections of changes 
in the lake catchment and climate, were investigated by diatom and cladoceran studies (Papers II and 
IV). 
As the review of meromixis advanced, it was concluded that Vähä-Pitkusta did not fall into any 
recognised category. This was not because Vähä-Pitkusta is such a unique lake but because of the 
confusing and complex deﬁnitions of meromixis. Therefore, one purpose of the study was to revise a 
simple classiﬁcation based on the original primary factors that have initiated the meromictic processes 
in order to explain the development of Vähä-Pitkusta, and to speculate on the preconditions, number 
and distribution of meromictic lakes in Finland (Paper I).
The physical and chemical properties of Lake Vähä-Pitkusta and its surroundings were found 
to form an exceptionally stable sedimentation basin, and offered an undisturbed and noise-reduced 
sediment archive. This sort of archive possibly contains chemical evidence of environmental changes 
and of atmospheric load. The third aim of this study was to investigate this archive and to understand 
the chemostratigraphical signals of the lake and its environment, especially traces from anthropogenic 
air pollution in the sediments. Special interest targeted to lead. On the basis of the literature, it was 
found that the atmospheric history of lead possibly reached back to the Antique. However, there was no 
such evidence from Finland (Papers III and IV).
The ﬁnal aim was to weight the value of Vähä-Pitkusta as part of geodiversity according to research 
results. Has the lake a real value against the economical value of the groundwater?
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Figure 3. Pitkusta lakes and the present surroundings. X indicates the coring point.
2. Lake Vähä-Pitkusta
2.1. Location, surroundings and limnology
The twin lakes Iso- and Vähä-Pitkusta are located at the Salpausselkä III end moraine margin in the 
Somero area in SW Finland on a glacioﬂuvial Kiikalanummi delta (60°29’18’’N 23°39’15’’E) (Fig. 3). 
A fault of the bedrock formed a four kilometre long and half a kilometre wide trench across the delta 
(Palmu and Mattsson 1993). An esker, which is an aquifer, follows the fault. The esker is dotted by 
kettle holes of different sizes and the lake basin of Vähä-Pitkusta occupies a large kettle. These lakes 
are connected by a narrow and shallow channel through the esker separating them. The lakes lack inlets 
and Iso-Pitkusta has only an artiﬁcial outlet, which is presently completely dry. 
Vähä-Pitkusta is small, about 11 ha, and roundish in shape. The sandy and gravelly lakesides, 
which grow coniferous forest, rise to about 25 m above the lake level giving shelter from winds. The 
shores are very steep above and under the water table (93.3 m a.s.l.), which is also the groundwater 
table. The bottom is bowl shaped and the deepest point is ca. 35 m (Fig. 4).
Like the Pitkusta lakes, many kettle holes have been ﬁlled with groundwater stored in a glacioﬂuvial 
aquifer. The gradient of the groundwater table dips to northwest towards the Pitkusta lakes, after which 
the esker fades away and the groundwater discharges into an area between the north and the west 
































Yrttikorpi wetland. The northern shore of Pitkusta lakes are of decreased permeability, which is reﬂected 
by the difference between the lake water levels, and the water levels of wells north of the lakes.
Vähä-Pitkusta is a meromictic lake where the chemocline ﬂuctuates within a few meters around a 
depth of 23 m (Fig. 5 and Table 1). Water in the lake is very clear (Secchi depth even 9 m) and clean 
(Table 2). The environment has a low productivity and the lake mixolimnion is oligo-mesotrophic 
(Alhonen et al. 2000). However, there have been indications of eutrophication in Iso-Pitkusta for a few 
years (Vogt 1997).
Table 1. Water temperature, pH and redox values of Vähä-Pitkusta 6.9.1999 (after Alhonen et al. 2000).
Depth (m) Temperature (°C) pH Redox (mV)
1.0 17.8 7.44 +207
6.0 17.2 7.49 -
8.0 12.2 - -
10.0 9.0 6.68 +220
15.0 6.2 6.12 +218
17.0 5.6 6.09 +159
17.5 5.6 6.18 -53
18.0 5.6 6.16 -88
20.0 5.6 6.24 -100
25.0 5.3 6.28 -117
30.0 5.3 6.26 -123






















Figure 4. Bathymetry of the Pitkusta lakes (after Koli
1993 and Hans Vogt and Timo Klemelä (Papers II-IV)).
Figure 5. Oxygen saturation and the depth
of the chemocline in Vähä-Pitkusta
(after Alhonen et al. 2000).
























Table 2. Chemical properties of Vähä-Pitkusta water (according to Paper I and the Finnish Environmental 
Institute).
2.2. Land use history in the lake region and in the lake catchment 
There are prehistoric ﬁnds suggesting that the region was a hunting ground for Stone Age people, but 
no ﬁnds have been discovered from the Bronze and Iron Ages (Sarvas and von Hertzen 1987). Come 
the Bronze Age, the Baltic Sea had regressed far south from the area, and possibly the population. 
Archeological ﬁnds and historical records show that the region remained uninhabited until AD 1200 
and the permanent settlements were established only in AD 1300-1400. The lake area was still mainly 
used as a hunting ground, as it was wild, unfertile and hardly exploitable, far away from villages 
(Aaltonen 1945; Oja 1949; Sarvas and von Hertzen 1987). The ﬁrst deﬁnite historical record of the 
village that governed the lake area dates back to 1492, but an unreliable record suggests a date as early 
as 1439 (Oja 1949). 
Historical records and proxy-evidence, e.g. meteorological observations in Turku in the 1700s 
and interpretation of agrohistorical records (Tornberg 1989 and 1990; Vesajoki and Tornberg 1994; 
Holopainen 1995; Vesajoki and Holopainen 1998) indicate that the Little Ice Age started in SW Finland 
ca. AD 1580 and ended ca. AD 1710. The early population in the region suffered great losses during 
the 1600s and the ﬁrst half of the 1700s (Aaltonen 1945; Sarvas and von Hertzen 1987) mainly due to 
changed, adverse climate, and due to the unstable political atmosphere. The climate during latter half 
of the 1700s did not substantially differ from the modern, i.e. the climate had taken a turn for the better 
(Holopainen 1995). This lead to a slight prosperity in the end of the 1700s, which enabled growth in 
population, increased land clearing for cultivation and road building. (Aaltonen 1945). 
The favourable time did not continue, and come the 1800s, the climate was again harsh, resembling 
the Little Ice Age, which led to extreme privation from time to time (Tornberg 1989 and 1990). The 
climate started to warm up again in the 1870s (Holopainen 1995), but it was not until the turn of the 
century anthropogenic activities accelerated.
According to local residents (R. Uutela and E. Kanervo, pers. comm.), the ﬁrst settlements in the 
Pitkusta lake area probably originate from the mid 1800s and a small village was established at the turn 
of the century. Buildings, ﬁelds and forest activities of this village were outside the lake catchment 
area because of the very steep slopes of the lake, which make up most of the catchment. The very ﬁrst 
1 m 15 m 33 m
pH 6.5 6.3 6.2
alkalinity (mmol l-1) 0.13 0.13 0.33
conductivity (mS m-1) 3.7 3.4 4.7
colour (mg Pt l-1) 5 5 30
turbidity (FNU) 0.40 0.45 8.50
COD (mg O
2
 l-1) 1.9 2.0 5.1
P
tot 
(µg l-1) 13 - 280
N
tot
 (µg l-1) 340 - 1200
Ca (mg l-1) 3.6 - 5.0
Mg (mg l-1) 1.35 - 1.4
Na (mg l-1) 1.35 - 1.2
K (mg l-1) 1.0 - 1.3
Mn (mg l-1) 0.1 - 0.75
Fe (mg l-1) 0.02 ~ 0.02 0.85
Cl (mg l-1) 2.2 - 2.0
15
building inside the catchment was a small ﬁshing cottage built in the 1930s on the ridge separating 
the twin lakes. A ditch a few hundred meters long was dug in the 1940s between the north end of 
Iso-Pitkusta and the nearby River Isojoki, probably for log ﬂoating purposes. After World War II, the 
water table remained extremely low, and the channel connecting the twin lakes, as well as the wide 
shore areas and rocks, were above the water table. Another cottage was built on the ridge but the real 
Materials and methods
3.1. Coring, grain size and loss-on-ignition
Two sediment cores were obtained from the deepest part of the lake; a longer VP-1 (ca. 175 cm) with a 
modiﬁed Kullenbeg corer (Kullenbeg 1947) and a shorter VP-2 (ca. 45 cm) with a Limnos-type gravity 
corer (Kansanen et al. 1991).
For grain size and loss-on-ignition determination the samples were dried and homogenized. The 
grain size of mineral matter was analyzed using a Coulter LS 200 laser particle sizer (Agrawal et al. 
1991) and the loss-on-ignition by heating the samples at 550ºC for two hours. 
3.2. Datings and time-depth models
In the University of Helsinki Dating Laboratory, one conventional radiocarbon date from bulk sediment 
and six AMS radiocarbon dates were determined from plant macrosubfossils that included mainly 
coniferous bark and needles. The radiocarbon dates are uncalibrated radiocarbon ages with a 14C half-
life of 5588 years, and they were calibrated as cal. BP using Calib4.1-program (Stuiver and Reimer 
1993). 
In the Dating laboratory of the University of Helsinki, age control for the topmost 10 cm was 
obtained by measuring 137Cs-activity of the sediment using a beta multicounter (Jungner 1998) 137Cs is 
an artiﬁcial radionuclide which was released into the atmosphere during the testing of nuclear weapons, 
starting in 1952 and peaking in 1963 (Appleby 2001). Another marker horizon for fall-out 137Cs is 
related to the 1986 Chernobyl accident. Then the 137Cs fallout in Finland increased manyfold leaving 
a measurable marker horizon in the sediment of many lakes in southern Finland (e.g. Kansanen et al. 
1991).
A time-depth model was produced by ﬁtting a third order polynomical function into the 
radiocarbon results and setting zero to 6.5 cm. The remainder top 6.5 cm was modelled using the 137Cs 
measurements. 
3.3. Pollen analysis
The samples for pollen analysis (ca 5 cm intervals) were prepared using the standard KOH and HF 
methods (Fægri and Iversen 1989) and 500-600 terrestrial pollen grains were counted from each 
sample, together with aquatic pollen and spores. The nomenclature for pollen morphology is that of 
Moore et al. (1991), with the exception of Cichoriaceae and Asteraceae. The basic sum of the terrestrial 
plant pollen was used as the basis for the estimation of the relative abundance percentage of terrestrial 
species. The percentages for spores and aquatics were estimated from the basic sum added to the total 
sum of the spores or the total sum of aquatic pollen, respectively.
cottage boom did not start until the 1960s. Presently, about 30 summer cottages occupy the slopes of 
the Pitkusta lakes. There has also been a small farm outside the catchment area since the 1920s.
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3.4. Diatom analysis
The diatom samples (5-10 cm intervals) were prepared according to standard methods (Battarbee 
1986). Subsamples of volume of 1 cm3 were taken at each depth for the preparations. The organic 
matter was dispersed by keeping the samples in hydrogen peroxide solution in an oven at a temperature 
of 60 ºC for ca. 12 hours. Then, the ﬁner-grained material was removed in suspension and the coarse-
grained material by decanting. The completed preparations were ﬁxed in Naphrax® hartz. From each 
preparation, at least 500 frustules were calculated, if possible. The taxonomy and grouping is based 
on the following sources: Mölder and Tynni (1967-1973), Tynni (1975-1980), Krammer and Lange-
Bertalot (1986-1991). The main groups according to life-form are planktonic and littoral forms. Some 
diatom species which spend part of each season resting on the sediments comprise the meroplankton 
(e.g. most of Aulacoseira species) (Round 1981). In this study, these diatom species have been grouped 
into meroplanktonic. 
3.5. Cladoceran analysis
Samples of 1 cm3 fresh sediment were prepared by heating in 10 % KOH for 20 minutes and sieving 
through a 44 μm mesh, after which the samples were mounted in glycerine jelly stained with safranine. 
More than 200 cladoceran remains (headshields, shells, postabdomens) were counted from the samples, 
if possible, and the percentages were calculated from the sum of individuals. The most abundant body 
part was chosen for each species to represent the number of individuals. Nomenclature is according 
to Røen (1995), and Chydorus sphaericus is considered as C. sphaericus sensu lato (e.g. Frey 1986). 
Three types of Bosmina (Eubosmina) headshields were recognised: 1) with a clearly deﬁned area of 
thicker chitin around the lateral head pore (B. coregoni type) 2) small, round lateral pore without 
thickening (B. longispina type) and 3) an intermediate form with an irregular, weakly thickened chitin 
area.
3.6. Element concentrations and accumulations
Element concentrations (Al, As, B, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sr, Ti, V, 
Zn) from the core VP-1 were determined in the geolaboratory of the Geological Survey of Finland in 
Kuopio by ICP-AES of extractions obtained by the microwave assisted solid-liquid extracting method 
with HNO
3
. C and N were determined using carbon-nitrogen analyzer and Leco-S using sulphur 
analyzer. Lead was also determined from the core VP-2 at the University of Helsinki Department of 
Geology. The concentration results of Al, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sr, 
Ti, V, Zn, organic and mineral matter were further developed into accumulation rates (mg m-2 yr-1) on 
the basis of time-depth models.
3.7. Review of meromixis
The “reclassiﬁcation” of meromictic lakes in Finland had its basis on published literature and on results 
from Vähä-Pitkusta. It is a subjective view, but the arguments are based on actual data. The classiﬁcation 
categorizes lakes by the original primary factor that initiated the meromictic processes. The usage of 
the term meromixis was also reconsidered.
The distribution and estimated number of meromictic lakes were determined by analysing the lake 
and water quality register databases of the Finnish Environmental Institute (SYKE). Coastal lakes, 
which are usually meromictic at origin and when mature turn into holomictic, were not included: the 
change can be fast and determining the circulation pattern of a lake requires individual investigation. 
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Deep and small basins are traditional features of inland meromictic lakes (Hutchinson 1937). Therefore, 
the ﬁrst precondition included the following criteria: surface area < 0.3 km2 (e.g. Hongve 2002) and 
relative depth > 8 % (e.g. Salonen et al. 1984). In order to extend the criteria, relative depth ≥ 10 % was 
required. Relative depth (z
r
) can be calculated from equation 1:
          (1)
where z
m
 is the maximum depth and A the area of the lake. Only lakes that fulﬁlled the precondition 
were studied on the light of recorded water quality data on the register.
4. Results
4.1 Origin and evolution of the lake 
Marked environmental changes have taken place in the surroundings of Lake Vähä-Pitkusta and in the 
lake itself since its isolation from Baltic waters. These changes have mainly been driven by climate in 
the form of ﬂuctuating temperature and humidity (Papers II, IV).
Lake Vähä-Pitkusta became isolated from the Yoldia Sea ca. 10 700-10 900 cal. BP (Paper II). 
The early stages of the lake development suffered from unstable sedimentation. Around 9000 cal. BP, 
the lake became stable and this stable development, considered as holomictic, continued until ca. 500 
BC (Papers II, IV). During this time, two phases out of ﬁve, displaying natural turning points, can be 
identiﬁed. The ﬁrst was from the post-glacial isolation to the warmth of the Holocene thermal maximum 
(until ca. 3000 BC) and the second from this maximum to climatic deterioration and instability (3000 
BC onwards).These two phases were slow and gradual, contrary to the subsequent strong and signiﬁcant 
three phases (Paper IV).
In the third phase, increased erosion and rising water tables took place ca. 2500-2300 cal. BP, 
reﬂecting moist and cold climate (Papers II, IV). This approximately coincides with the cold and moist 
event found elsewhere in S Finland (around 2500-2200 cal. BP, Sarmaja-Korjonen and Alhonen 1999; 
Sarmaja-Korjonen 2001), in central Finland (around 2900 cal. BP, Tiljander et al. 2003)), and e.g. in 
the Netherlands (around 2800 cal. BP , van Geel et al. 1996 and 1998). The prominent change led to a 
very slight rise in the trophic state of the lake (Paper II).
The ﬁrst signs of early anthropogenic activities derived from ca. AD 1000-1200, but the signs were 
sparse until the last century, indicating only regional anthropogenic activity (Paper II).
The fourth phase, i.e. the climatically favourable Medieval Climate Anomaly (the Medieval Warm 
Period) took place in S Finland around AD 1000 -1250 (Ojala 2001; Saarinen et al. 2001; Tiljander et 
al. 2003), and it was prominently displayed in Vähä-Pitkusta (Paper IV). The last and ﬁfth phase, the 
Little Ice Age, was not so evident in the results, but its end was dated the early 1700s (Paper IV), which 
is in accordance with results of Tornberg (1989, 1990), Vesajoki and Tornberg (1994), Holopainen 
(1995) and Vesajoki and Holopainen (1998). 
The last couple of hundred years became gradually dominated by humankind, so the signals of 
natural development and variation are somewhat masked. Altogether, human inﬂuence seem to have 
started to interfere with the lake development at the turn of the 20th century, but the heavy imprints were 
left during the latter half of the last century.
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4.2. Airborne lead and other heavy metal pollution
Lead emission during the Roman Empire and Medieval times also reached Finland (Paper III). Medieval 
lead was associated with cadmium and zinc, indicating their origin as a long distance airborne load. 
Strong increase in copper, nickel and vanadium was detected only during the last ﬁfty years, suggesting 
they originated locally as a short-distance load. The main source for all heavy metals was probably the 
strongly developing industry and trafﬁc after World War II. 
Lead emission could be ﬁrst detected in the sediments of Lake Vähä-Pitkusta ca. 2500 cal. BP, 
which was shortly after the introduction of coinage. The ﬁrst peak took place shortly after 2000 cal. 
BP, during the ﬂourishing Roman Empire. With the fall of the Roman Empire, lead production and the 
emissions declined until Medieval times. The Medieval economic boom in Central Europe caused an 
accelerated increase in production and thus in atmospheric lead, which was seen also in the sediment 
of Lake Vähä-Pitkusta. The Black Death and the shifting of mining to the Americas caused a slump in 
European production and in lead emissions (Gottfried 1983; Nef 1987).The rate of lead accumulation 
did not start to increase until the Industrial Revolution. For the last couple of centuries, the rates have 
been rising, and the major peak was experienced after World War II.
4.3. Origin of meromixis in Vähä-Pitkusta
The sulphide gyttja, which started to develop ca. AD 1400 (Papers II-IV), possibly indicates the onset 
of meromixis, i.e. permanent stratiﬁcation, which leads to an anaerobic monimolimnion. However, 
since this does not automatically mean meromixis, it is possible that the permanent stratiﬁcation started 
even earlier (Paper II). Because the microfossil analyses (Paper II) or the geochemical analyses (Papers 
III and IV) did not give an indication of meromixis that resulted from inﬂow/precipitation of saline 
water over freshwater or vice versa (Findenegg 1937; Hutchinson 1937; Yoshimura 1937; Walker 
and Likens 1975), or from superﬁcial diffuse nutrient load and/or turbidity current from the cathment 
(Findenegg 1937; Hutchinson 1937; Yoshimura 1937; Frey 1955; Walker and Likens 1975), or from 
subsurface inﬂow of groundwater (Hutchinson 1937; Walker and Likens 1975), the primary reason for 
meromixis is probably the morphogenic effect, i.e. the meromixis is a result of inadequate mixing due 
to morphology (Paper I). Alone this cannot give a complete explanation. The peculiar morphometric 
dimensions of Lake Vähä-Pitkusta could make it so sensitive that even slight increases in the trophic 
state could push it over the edge of meromixation. This did not happen during the moist and cool 
climate ca. 2500 cal. BP, but did it occur during the Medieval Climate Anomaly? 
The dry and warm Medieval Climatic Anomaly enabled increased primary production and higher 
water density as soluble nutrients were abundant (Papers II and IV). The density gradient must have 
steepened and thus the circulation would have required more force to mix the water masses. The 
extremely cold winters in the early 1400s (Lamb 1995), as well as the Little Ice Age, which did not 
end until the early 1700s, resulted in very long ice cover periods. Years, when the ice melted very late 
and the lake froze very early, provided only short time-windows for possible vernal and autumnal 
circulation. As the winds, which are the major mixing agents, were also light (Lamb 1995), the weak 
mixing potential was overcome by stronger stabilizing forces. Therefore, the meromixis probably did 
begin during the Medieval Climate Anomaly and the subsequent cold time period (Paper IV).
4.4. Revised classiﬁcation and theoretical distribution of meromictic   
  lakes in Finland
On the basis on the study of meromictic lakes in Finland, it became evident that the classiﬁcation needs 
to be revised. The revised classiﬁcation for meromictic lakes includes four principal groups (Paper 
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I). In the ﬁrst, meromixis results from inﬂow/precipitation of saline/brackish water over freshwater 
or freshwater over saline/brackish water. In the second, meromixis results from diffuse nutrient load 
and/or turbidity current from the catchment. In the third, meromixis results from subsurface inﬂow of 
groundwater, and in the fourth, meromixis results from inadequate mixing due to morphology.
Meromictic lakes in Finland seem to be mainly from the ﬁrst and second groups (Paper I). 
Representatives of the ﬁrst group are coastal lakes, whose real number must be large, but not known 
exactly due to their fast development. Lakes in the second group are either of anthropogenic origin, i.e. 
density gradient is caused by human activities, or of natural origin, i.e. the change in the circulation 
pattern is caused by natural environmental changes. Lake Vähä-Pitkusta represents the fourth group.
The theoretical search for meromictic lakes resulted in an estimation of 1:800 in the set area 
precondition (Paper I). Thereby, there would be a few dozen meromictic lakes in Finland among the 
small, potential water bodies of area < 0.3 km2, excluding coastal lakes. Their probable distribution is in 
the Salpausselkä end-moraine zone, in areas between the Salpausselkä zone, Ostrobothnia, the Kainuu 
Region and the eastern border of Finland (Paper I).
5. Discussion
5.1. Observations on meromixis
5.1.1. Meromixis itself
Meromixis is a part of lake evolution. In Finland, wide areas are affected by a high rate of land uplift, 
which causes brackish-water embankments to become isolated freshwater basins. At ﬁrst, these immature 
lakes have dense, brackish-water in the hypolimnion and lighter fresh-water in the epilimnion, i.e. they 
are chemically stratiﬁed and thus meromicitic. As they mature, the fresh-water portion increases and 
ﬁnally they go through complete circulation and turn into holomictic (e.g. Lindholm 1982a, 1996; 
Paper I).
Meromixis is a result of environmental changes. Mature inland holomictic lakes can turn into 
meromictic by changes in the environment. Natural this happens due to variation in temperature and 
humidity, which cause changes in the circulation pattern. Usually the changes are of anthropogenic 
origin: eutrophication, pollution and constructions interfere with the internal balance of lakes. Most 
meromictic lakes in Finland are like this. Meromictic lakes can also reverse to holomictic (e.g. Huttunen 
and Tolonen 1975 (1977); Salonen et al. 1984; Paper I).
Meromixis can also be a natural state of the lake. Such lakes are improbable in Finland, where 
lakes are dimictic by default, i.e. circulate twice a year due to latitude and altitude (Hutchinson and 
Löfﬂer 1956; Wetzel 1975).
5.1.2. Meromictic lakes in Finland
There is a considerable discrepancy in the published reports of meromictic lakes in Finland. The ﬁrst 
discrepancy is the terminology. What does the term meromixis accurately mean and therefore, which 
lakes are included when meromixis is discussed? Because of the incoherent use of the term, lakes that 
have an overturn occasionally are widely called meromictic, and there seems to be an unknown number 
of these lakes in Finland (Fig 6): e.g. Likolampi in Ilomantsi (Grönlud 1995; Grönlund et al. 1986) Taka-
Killo in Lammi (Huttunen 1980), spring- meromictic Alinen Mustajärvi in Lammi (Arvola and Rask 
1984), periodic meromictic or temporary meromictic or semi-meromictic lakes Ahvenainen in Lammi 
(Tolonen 1978a, 1978b, 1978c, 1990) and Holmsjön on Åland (e.g. Lindholm 1996; Lindholm and 
Weppling 1987; Lindholm et al. 1985). Other possible meromictic lakes or lakes having “meromictic” 
tendencies are e.g. Polvijärvi, Kalliojärvi and Suuri-Rostuvi in Juuka (Simola H. pers. comm., 
Liehu et al. 1986; Rönkkö and Simola 1986), Törönlampi in Parikkala (Tolonen K. pers. comm.),
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Laikkalampi in Jokioinen (Salonen et al. 2001), Suujärvi in Tammela (Ojala A.E. and Korkalainen 
L., pers. comm.), Inre Verviken, Kaldersfjärden (e.g. Lindholm 1975a, 1975c, 1982a, 1995, 1996; 
Lindholm et al. 1985), Bolstaholmssundet and Borgsjön (Lindholm T. pers. comm., Lindholm 1991) on 
Åland, Kärinsviken and Gyltöträsk on Nauvo and Korppoo (Bagge and Tulkki 1967), Gennarbyviken 
in Tenhola (Räsänen and Tolonen 1983) (Paper I). 
Lakes to be considered true meromictic (at present or in the past) (Fig 6) are e.g. brackish coastal 
basins Vargsundet, Långsjön, Västrä Kyrksundet and Östra Kyrksundet on Åland, and Västerholmarna 
on Nauvo (Bagge and Tulkki 1967; Bonsdorff and Storberg 1990; Eriksson and Lindholm 1985; 
Helminen 1978; Karlsson et al. 1981; Lindholm 1975a, 1975b, 1975c, 1975d, 1975e, 1976, 1978a, 
1978b, 1979, 1982a, 1982b, 1995; Lindholm and Eriksson 1990; Räsänen 1983; Sundblom 1964; 
Sundblom and Moliis 1962; Wikgren 1965; Wikgren et al. 1961), inland humic ponds Nimetön, 
Horkkajärvi and Mekkojärvi in Lammi (e.g. Arvola 1983 and 1986; Salonen et al. 1983, 1984, 1992a 
and 1992b; Jones and Arvola 1984; Rask and Arvola 1985; Rask et al. 1985, 1986, 1992 and 1993; 
Arvola et al. 1986, 1987, 1990a, 1990b and 1992; Salonen and Arvola 1988; Smolander and Arvola 
1988; Arvola and Kankaala 1989; Kuuppo-Leinikki and Salonen 1992; Salonen and Lehtovaara 1992), 
inland lakes Valkiajärvi in Ruovesi (Kaila 1964; Meriläinen 1967, 1969, 1970, 1971a and 1971b; 
Koivisto and Saarnisto 1978; Alapieti and Saarnisto 1981; Saarnisto 1985; Eloranta 1987; Simola 1990; 
Ojala and Saarnisto 1999; Ojala 2001), Lovojärvi in Lammi (Kukkonen and Tynni 1972; Ilmavirta et 
al. 1974; Hirviluoto 1975; Huttunen and Tolonen 1975; Keskitalo 1976 and 1977; Saarnisto et al. 1977; 
Simola 1977, 1979, 1981, 1983 and 1984; Huttunen 1980; Simola and Tolonen 1981; Jaakkola et al. 
1983; Simola et al. 1990), Hännisenlampi (Vuorinen 1977 and 1978; Pirttiala 1980; Huttunen and 
Meriläinen 1986) and Laukunlampi in Liperi (e.g. Huttunen and Meriläinen 1978; Appleby et al. 1979; 
Hartikainen 1979; Battarbee et al. 1980; Tolonen 1980; Battarbee 1981; Jaakkola et al. 1983; Rummery 
1983; Simola et al. 1984; Tolonen et al. 1992; Pitkänen 2000), Vähä-Pitkusta in Somero (Vogt 1997; 
Alhonen et al. 2000; Papers I-IV), and Pakasaivo l. Lapin helvetti in Muonio according to Lapland 
Regional Environment Centre.
5.1.3. Frequency and distribution of meromictic lakes
The number of meromictic lakes in the world is not known. By 1975 the number of meromictic 
lakes investigated was 121 (Walker and Likens 1975), and by 1985 about 100 meromictic lakes were 
identiﬁed in North America (Anderson et al. 1985). This gives a reason to speculate that the number of 
meromictic lakes investigated could be a few hundred. The total sum is another thing: Lindholm (1995) 
speculated that the frequency could be one meromictic lake in a thousand. This could mean about 200 
meromictic lakes in Finland. So far, only a few dozen lakes have been described as meromictic (Paper 
I). 
If only true meromictic lakes were in consideration, the number could be much smaller: the 
theoretical estimation yielded a few dozen true meromictic lakes, and thereby the ratio between all 
lakes in Finland (187 888) and the meromictic ones could be around 1:3000 (Paper I). Unfortunately, 
the data bases used included only lakes larger than one hectare, and do not consistently include surface 
area or maximum depth for each lake. The databases focus on large lakes and the interest in meromixis 
is focused on small lakes. Therefore, the databases are rather unsuitable for theoretical investigation.
Although theoretical investigations yielded poor data, they gave an idea of the rarity of meromixis. 
Perhaps the frequency of meromitic lakes is one in a couple of thousand.
So, contrary to the common belief that meromixis is an extremely rare phenomenon, meromictic 
lakes are only relatively rare in the world, depending on the deﬁnition. They are widely distributed, 
although locally clustered, which is probably a result of inconsistent research (e.g. Walker and Likens 
1975). The clusters can be seen on the map of Finnish meromictic lakes (Fig. 6). Meromictic lakes 
sensu stricto seem to be quite rare in Finland, though. Systematic research would most likely result in a 
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larger two-ﬁgure number or even in a three-ﬁgure number, and in a fairly uniform distribution.
5.1.4. Deﬁnition and reclassiﬁcation of meromixis
A wider discussion on the terminology is needed. As mentioned above, at the moment variety of lakes 
are classiﬁed under the term meromictic. To prevent confusions the term should be reserved for true 
meromictic lakes, i.e. meromictic sensu stricto. Lakes with irregular circulation tendency and occasional 
meromictic features should be classiﬁed by another term, e.g. incomplete holomixis (sensu H. Simola) 
with more speciﬁc description (Paper I). Many Finnish lakes are in fact incomplete dimictic.
On the basis of the result given in Paper I, the following new classiﬁcation was developed:
A) Meromixis that results from inﬂow/precipitation of saline/brackish water over freshwater or   
freshwater over saline/brackish water
B) Meromixis that results from diffuse nutrient load and/or turbidity current from the catchment
C) Meromixis that results from subsurface inﬂow of groundwater
D) Meromixis that results from inadequate mixing due to morphology
The revised classiﬁcation aims to categorize lakes according to the primary reason for meromixis, 
i.e. it tries to reply to the question why a lake became meromicitic with a simple answer: A density 
gradient develops between salt water from the sea and fresh water from the inland catchment; the 
lake becomes eutrophic due to human activities or to the surroundings supplying abundant humic 
substances, and thus the increased water density prevents overturns; denser ground water ﬂows into the 
depths of the lake and a density gradient develops between the inﬂowing groundwater and the surface 
lake water; or the lake is so small, so deep and so sheltered from the winds that overturn fails to reach 
completion.
The morphogenic effect is not a new idea. Morphogenesis was deﬁned as a cause for meromictic 
development as already as in 1969 by Northcote and Halsey, but its importance has widely been 
underestimated as it has been considered to be included in all meromixis. It has also been argued that 
relatively great depth is an obligatory pre-condition for meromixis in general (Walker and Likens 1975), 
but this is not the case. There is always a ratio between stabilizing and mixing forces. When stabilizing 
forces are stronger, lake becomes stratiﬁed, like in winter and summer times. When mixing forces 
overcome the stabilizing forces, overturn takes place. High water density (due to temperature and, 
above all, electrolyte concentrations), great relative depth (i.e. small area, great depth) and sheltered 
location enhance stabilizing forces. 
The most important of these is density. In Finland, the density gradient in lakes, including 
meromictic lakes, is generally gentle, but still there are meromictic lakes. In these lakes the lack of 
steep density gradient is compensated by great relative depth and/or by sheltered location: e.g. the 
relative depth (z
r
) for Vähä-Pitkusta is ca. 9.6 %, for Lovojärvi ca. 7 %, for Hännisenlampi ca. 11.6 
%, for Laukunlampi ca. 8.1 %, for Valkiajärvi ca. 8 %, for Nimetön ca. 15.4 %, for Horkkajärvi ca. 11 
% and for Mekkojärvi ca. 5.2 %. Coastal lakes are usually shallow: (z
r
) for Vargsundet is ca. 3 % , for 
Långsjön 1.3 %, for Västra Kyrksundet ca. 2.1 % and for Östra Kyrksundet ca. 1.4 %. In these lakes the 
lack of relative depth is compensated by density gradient.
Reasonable depth is somewhat a requisite for certain types of meromixis but not for all. Walker 
and Likens (1975) found that 70% of the total number of type IV lakes has relative depths in excess of 
5%, and that 5% is the maximum relative depth observed for any lake of type I. This means that most 
lakes of type IV are deep and small, and lakes of type I are typically shallow. Type IV could be therefore 
classiﬁed as morphogenic. For other groups, like type I, depth is not a requisite. 
The situation with the Pitkusta lakes illuminates this. The lakes are like twins that cannot be 
separated from each other. As mentioned earlier, they are in contact with each other, subsurface by 
groundwater and superﬁcially by a narrow channel. They have principally the same catchment, the 
same origin, the same history, the same limnology and the same human impact. The differences between 
23
them are the morphology and the circulation patterns. Lake Iso-Pitkusta is long (ca. 1.5 km) and narrow 
(min. ca. 100 m, max. ca. 200 m), a medium size (area 23 ha, volume 1.6 106 m3) lake with reasonable 
depth (max. 18 m). It is holomictic. Lake Vähä-Pitkusta is roundish (length ca. 500 m, width ca. 200 
m), small lake (area 11 ha) with rather great depth (max. 35 m), and therefore rather large volume (1.3 
106 m3). It is meromictic but how is it possible that Vähä-Pitkusta was ever holomictic?
5.1.5. Holomixis in Vähä-Pitkusta
There is no exact proof whether Vähä-Pitkusta was ever holomictic. However, the oxic conditions 
under which most of its sediment accumulated should be considered as a sign of holomixis. This was 
possible because of groundwater ﬂow. The water ran through the glacioﬂuvial formation and the lake 
was only a window to the movement. It was as if the lake was leaking; in and out, supplying oxygen 
to the bottom and thus precipitating electrolytes (e.g. iron and manganese) and degrading organic 
material. This decreased the density gradient and therefore prevented stratiﬁcation. Possibly the ﬂow 
even caused concrete mixing.
Probably the bottom of the lake became gradually impermeably lined with accumulating sediment, 
causing the groundwater inﬂow to decrease. This is the situation at present. The southern shores of the 
lakes receive seeping groundwater, which can be seen as non-frozen spots in the ice cover formed by 
groundwater springs during wintertime. The lake bed is compact enough, though, to hold the outﬂowing 
water, so the lake water level is clearly higher than the groundwater table in wells to the north of the 
lake. This causes perched groundwater and a minor reservoir effect: the lake water table rises quickly 
if the groundwater is high, and descends slowly during droughts.
The holomictic phase of Vähä-Pitkusta could be considered as caused by subsurface groundwater 
inﬂow. This could be called crenogenic holomixis.
5.2. Conservation of the geological and paleolimnological heritage of  
  Lake Vähä-Pitkusta
Lake Vähä-Pitkusta is part of glacioﬂuvial landform called the Hyyppärä Esker, which is included 
in the Natura 2000 conservation net (code FI0200010). The area is 2468 hectares and it covers four 
independently governed municipal areas. The Hyyppärä complex includes glacioﬂucial land-forms 
(end-moraines and eskers), bogs, springs, small ponds, lakes, ravines, brooks and bedrock outcrops. 
The Hyyppärä esker itself is a conservation area protected independently by law. Lake Vähä-Pitkusta 
has not protection status nor it is valued as a signiﬁcant oligotrophic water habitat-type (Pohjavedenoton 
vaikutukset Hyyppärän Natura 2000 -alueen luonnonarvoihin, Biota BD Oy 2001). Unfortunately, 
existing habitat-type evaluations according to the Habitats Directive (e.g. Airaksinen and Karttunen 
2001) do not cover meromictic lakes.
The neighbouring towns have applied for a permit to extract groundwater within the Natura area. 
The lake levels are likely to descend due to groundwater pumping, and this will probably lead to a 
decreasing groundwater inﬂow and to a diminishing water volume. Due to this the lakes can be subjected 
to eutrophication. It has also been suggested that if the water table drops dramatically, compensation 
water could be pumped into the lakes (Archrén et al. 1998).
Vähä-Pitkusta should be regarded as a rare example of geodiversity. Gray (2004) deﬁnes geodiversity 
as “the natural range (diversity) of geological (rocks, minerals, fossils), geomorphological (land forms, 
processes) and soil features. It includes their assemblages, relationships, properties, interpretations 
and systems”. According to Gray (2004), the main types of values are intrinsic, cultural, aesthetic, 
economic, functional and research and education, and these divide into subtypes. 
According to the results of this study, only functional, research and educational values can be 
evaluated. The most important value of Lake Vähä-Pitkusta is the sediment archive. This study has shown 
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the potential of the sediment as an archive for environmental and climatic changes and monitoring. For 
limnologists and biologists, the meromictic lake provides unique conditions and habitats for research. 
The lake is a discovery; it represents a rare lake type, and is ideal for educational purposes. 
For economic, conservation and scenic purposes, Palmu (1999) compiled an inventory of moraine 
formations in Southern Finland. The principles used are for moraine formations, but they can be applied, 
quite loosely, to the geological and paleolimnological important Vähä-Pitkusta. The arguments Palmu 
(1999) uses are mostly the same applied by Gray (2004), and some are also included in the evaluation 
of Natura 2000 – habitats (Airaksinen and Karttunen 2001). Therefore, the geomorphological and 
limnological values of Vähä-Pitkusta have great signiﬁcance (value class 1), because the lake is a rare 
and representative specimen of its type and it has great value for research and education. 
The study offers no deﬁnite conclusion regarding the effects of the possible groundwater intake but 
does conclude that the most important values are the meromictic condition and the sediment archive. 
Both have raised new questions, theories and data. Vähä-Pitkusta is uncommon, unique, precious, and 
endangered, which is exactly what Natura 2000 network is aiming to protect. Therefore, Vähä-Pitkusta 
has a great value, in deed, which is threatened by the possible groundwater extraction.
The Natura 2000 – habitat evaluation, as well as all geodiversity (including biodiversity) evaluations, 
should be extended to cover Vähä-Pitkusta and all other meromictic lakes. 
6. Conclusions
1) Lake Vähä-Pitkusta was formed in a huge depression left by a dead ice block detached from the 
margin of the Weichselian ice sheet during its oscillation at the present Salpausselkä III end moraine. 
The lake became isolated from the Yoldia Sea stage ca. 10 700-10 900 cal. BP. The early stages of 
the lake development were unstable and complex until ca. 9000 cal. BP, and stabilized after that for 
millennia.  
2) According to bio- and chemostratigraphies, the lake was signiﬁcantly inﬂuenced by the cold 
event ca. 2500 BP, the Medieval Climate Anomaly (the Medieval Warm Period) ca. AD 1000-1250, the 
following cold period and the Little Ice Age, ending in the early 1700s. 
3) The results reﬂect the climate-mediated changes in the catchment, and general development in 
SW Finland.
4) The Roman and Medieval airborne heavy metal load, especially lead, was traced from this 
source for the ﬁrst time in Finland.
5) The meromixis in Lake Vähä-Pitkusta seems to be linked to two climatic events, the Medieval 
Climate Anomaly and the Little Ice Age. The primary reason for the stratiﬁcation is the morphogeny 
of the lake: small, but deep, and sheltered basin. Climatic changes lead to failed circulation in Vähä-
Pitkusta, while circulation completed in the bigger and shallower Lake Iso-Pitkusta. 
6) Meromictic lakes can be classiﬁed in many ways. One way is to consider the primary reason 
for failed overturns. In Finnish meromictic lakes, these primary reasons could be A) density gradient 
between brackish and fresh water in isolating coastal lakes, B) density gradient developed of increased 
density due to nutrient, humic substance, electrolyte or turbidity load in anthropogenic eutrophic or in 
natural polyhumic lakes, C) density gradient between denser groundwater and lighter surface water, and 
D) density gradient developed due to inadequate mixing due to morphology. The coastal meromictic 
lakes form and disappear quickly and it is difﬁcult to keep count. Eutrophic lakes are common in 
highly populated areas, but only a few of them become meromictic. Instead, small humic ponds that 
are meromictic could be numerous in the wilderness. Meromictic lakes as a result of groundwater ﬂow 
or morphology are rare, especially in Finland. The frequency of meromictic lakes could be 1:1000 
worldwide, but in Finland 1:2000-1:3000. Lakes with an irregular circulation pattern should not be 
called meromictic, i.e. terms like semi-meromictic, periodic-meromictic, spring-meromictic etc. should 
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not be used. Only lakes with permanent chemical stratiﬁcation deserve the name meromictic. Lakes 
with irregular circulation should be considered as incomplete holomictic: overturns take place in the 
lake but occasionally they fail.
7) For paleolimnology, the utility value of meromictic lakes lies in the stable accumulation basin, 
which provides a sensitive and undisturbed archive. Many such lakes are small and deep, they are 
closed, or the inﬂow is small, and the catchment is small. The best result in paleolimnological studies 
is achieved by combining different methods, biological and chemical. Paleoclimatic studies especially, 
which are mainly based on biological indicators, would beneﬁt from chemical methods.
8) The value of Vähä-Pitkusta is in its rare meromictic condition and sediment archive, which 
has provided new theories and data. The value must be considered signiﬁcant, but it is threatened by 
groundwater extraction. The evaluations, which at the moment do not include meromictic lakes, should 
be extended to cover them too.
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